INTRODUCTION

T
here are a number of conflicting problems that currently hamper diagnosis. First, the permanent increase in the number of biomarkers has led to the need for more laboratories that are equipped to perform as many diagnostic tests as possible. Second, there is a need to obtain biological test results during treatment in order to make rapid decisions in terms of patient management. In the field of microbiology, the most important issues are often the identification of a contagious disease that requires the patient to be isolated as well as the precise diagnosis of infection to identify the need for treatment and to select the treatment best suited to the situation. Third, it is important to detect infections that can be easily cured through ambulatory care and those which may compromise prognosis, requiring hospitalization.
The field of biology has evolved during recent years to take these issues into consideration (1) . Very large laboratories (core laboratories) that reduce costs and operate 24 h a day and 7 days a week have emerged (2) , but this raises the problem of the remoteness of care points. While the high speed of tests saves time, transport time can be a major drawback to the use of these rapid tests, which may in turn affect patient management. Conversely, doctor tests have been introduced, which are usually simple tests performed by a physician or a nurse. These tests can help optimize patient management. One of the first doctor tests to be introduced was the detection of Streptococcus pyogenes by throat swab, leading to the prescription of antibiotic treatment when the test was positive and no treatment when the test was negative.
Furthermore, for a long time, gynecologists performed tests to detect bacterial vaginosis (Nugent test) and used direct microscopic observation to detect the presence of Trichomonas vaginalis, Gram-negative bacteria, or gonococci (3) .
The closure of a laboratory for which we were responsible in a Marseille hospital led us to question the way in which our laboratories are organized. The laboratory in question was located Ͼ10 km away from the core laboratory, and it was impossible to guarantee transport between the emergency unit of the hospital and the core laboratory within 2 h.
We thus installed an original point-of-care (POC) laboratory, which was equipped to rapidly test for syndromes and to provide results within 3 h, which was crucial for optimum patient management. This laboratory was located in the emergency room of a 1,100-bed teaching hospital. It has seen considerable success and has saved substantial labor time in comparison with core laboratories by consolidating all other tests on-site. The initiative has since been tested under more difficult conditions in Africa (4) , and preliminary experiments have been carried out on boats (5) . The objective of this review is to examine different issues which may help to develop care organization through POC laboratories.
METHODS
We screened the Medline database using "point-of-care," "nearpatient," "rapid," "POC infection," and specific keywords related to each microorganism and disease. For the cost-effectiveness analysis, we further screened Medline, performing a literature search and identifying economic studies published between 2008 and 2015. We included all studies that compared POC tests (POCTs) with standard diagnosis strategies, including any analyses of cost-effectiveness. We focused the review on the cost-effectiveness of monitoring the following infectious diseases for which new POC tests (which may play a central role in the prevention and treatment of these diseases) have been developed, particularly in low-income countries: tuberculosis (TB), malaria, syphilis, and Chlamydia trachomatis infection. We excluded studies that had been conducted only on a specific population, such as coinfected patients, as this would have made it difficult to make comparisons between studies, as well as studies that did not compare both outcome and costs, enabling us to calculate incremental cost-effectiveness ratios (ICERs).
POC TESTS
In recent years, many definitions of POCTs have been proposed in the literature (6) (7) (8) . We chose the following definition, which is the most widely used: POC tests are performed at the site of patient care. Three key features distinguish them from traditional laboratory tests: they do not need significant laboratory infrastructures or specialized staff in order to be performed, they are designed to be easy to use and interpret, and they are often able to deliver a rapid (i.e., within 1 h) diagnosis (5) . Another key advantage of these new diagnostic tests is that because they require less specialized equipment and skills, they are potentially cheaper and could thus also be more cost-effective than conventional tests. Issues raised by their introduction may differ significantly depending on the setting. In low-income countries, which face a strong shortage of human resources and lack laboratory infrastructures, the availability of laboratory tests, including diagnostic tests, is very limited. When these tests are available, they are often too costly to be widely accessible to the patients and health care professionals who need them (9) . In this setting, the introduction of POCTs, which require simpler procedures and fewer resources in order to be performed, may improve access to diagnostic tests and potentially generate significant health benefits by providing key information to guide therapeutic decisions (10) . Conversely, in high-income countries, laboratory tests are widely available, and health care professionals have the choice between different laboratory techniques. In this setting, the main added value of POC tests compared with traditional techniques is the decrease of the time between sample collection and diagnosis, thus optimizing medical decisions made regarding the hospitalization, isolation, and treatment of patients diagnosed with infectious diseases (11) .
Direct Detection of Pathogens by Antigen Detection Assays
Specific microorganism antigens can be rapidly detected from a clinical specimen through an immunochromatographic test (ICT). Lateral flow tests or strip tests rely on the binding of a microbial antigen present in the clinical sample to a primary antibody conjugated to gold or a fluorescent marker. The antibodyantigen complex then migrates either under the effect of a lysis buffer or by capillarity in a solid substrate. The antibody-antigen complex is then captured by a secondary antibody, leading to the appearance of an initial color band, while the excess primary antibody, conjugated to gold beads, continues migrating to a second point of capture with tertiary antibodies, leading to the appearance of a second color band. The test reading is taken within 15 min, and interpretation is based on visualization of the first band (present equals positive, and absent equals negative) and visualization of the second band (present equals an interpretable test result, and absent equals an uninterpretable test result). ICTs are available in several formats, the results of which can be read either visually or by using a compact and connectable reader, which is mandatory when labeling the primary antibody with a fluorescent marker. Currently, ICTs are available for diagnosis of infections by several bacteria, viruses, parasites, and fungi, and multiplexed strip tests are available to detect 3 to 14 pathogens, using the syndromic approach presented below. Together, these tests cover the more common pathogens ( Table 1 ). The benefits of the ICT are its speed and the lack of instrumentation, making the test low cost; the fact that there is no need for a power source, maintenance, or training; and the fact that the test is easy to transport and store due to its small size and, in particular, its resistance to variations in temperature. The two main drawbacks of the ICT are its low sensitivity, usually between 60% and 95%, and the fact that visual interpretation of results is operator dependent, being based on a subjective interpretation of test positivity in weakly positive cases. This can lead to false-positive and false-negative results (12) . The development of strip readers overcomes this drawback.
Direct Diagnosis by Nucleic Acid Amplification Tests
Nucleic acid amplification tests (NAATs) aim to detect one or more RNA or DNA sequences specific to a single pathogen and have revolutionized the diagnosis of infectious diseases (1) . Two techniques are available for POC testing: PCR-based techniques and isothermal nucleic acid amplification techniques (13) . Briefly, PCR incorporates 30 to 40 cycles of heating to 72°C, which requires specific equipment and electrical power, limiting the widespread use of PCR in resource-limited settings. Reactions take between 20 and 100 min, including reverse transcription for the detection of RNA. Real-time PCR (RT-PCR) is the variant used in POC testing, involving the hybridization of an appropriate fluorescent probe during each amplification cycle, thus increasing test sensitivity and specificity while reducing detection times. Results report the number of cycles (threshold cycle [C T ] values) required to detect one positive specimen, by reference to a log 2 scale. Loopmediated isothermal amplification (LAMP) is a newer, alternative technique for amplifying DNA by means of a DNA polymerase, operating at a constant temperature of 60 to 65°C. Detection of amplification relies on the detection of magnesium pyrophosphate as a by-product. LAMP eliminates the need for a thermocycler, hence making NAATs cheap, energy-saving, and easy to perform in the POC laboratory (14) . Current developments include the rapid diagnosis of malaria (15) , tuberculosis, and Buruli ulcer (16) . One of the advantages of NAATs is that they have greater sensitivity than the ICT, but they require a higher degree of technicality and training. Also, power shortages and the need to store some reagents at 4°C may limit the implementation of NAATs in POC laboratories in some resource-limited tropical countries.
Direct Diagnosis by Miscellaneous Tests
A few pathogens can be detected at the POC by hybridizing a specific fluorescent antibody. A commercially available test, which has not yet been approved by the FDA and the European Community (CE mark), offers 25-min multiplex detection of respiratory tract pathogens, including influenza virus, respiratory syncytial virus (RSV), adenovirus, coronavirus, and parainfluenza virus (17) . Up to 26 tropical disease-causing pathogens can also be detected by using a technique for hybridizing DNA or RNA extracted from a clinical specimen, after amplification using the same format as the one used for hybridization (18) . The performance of this technique was assessed on a retrospective collection of 170 blood samples. Pathogens were detected with 80% to 90% agreement with the reference method and 100% specificity for Plasmodium spp., chikungunya virus, and dengue virus (18) . However, this new approach, which can be performed in ϳ2 h using sophisticated instruments, has not yet been assessed under actual POC field conditions.
Non-Pathogen-Specific Diagnosis
Apart from hematology and biochemistry tests, there are some tests that can be incorporated into POC testing for the nonspecific diagnosis of infectious diseases. Urinary tract infection is caused by various bacteria, mainly Escherichia coli. In POC testing, the standard urine test strip features the nitrite test, which detects nitrate-reducing bacteria (E. coli and other enteric Gram-negative bacteria), marked by a pink dye, along with an esterase test, which detects leukocytes (detection limit of 10 to 25 leukocytes/l), marked by a purple dye. Results are obtained within 5 min.
The monospot test detects heterophile antibodies in the course of mononucleosis syndrome due to Epstein-Barr virus with a sensitivity of 99% and a specificity Ͼ90% (19) . False-positive results have been reported in the course of other acute infections due to cytomegalovirus (19) and dengue virus (20) , among others.
Cell counts are performed at the POC for the laboratory diagnosis of meningitis. Cell counting by microscopic counting and reading is an operator-dependent technique. It could be replaced by an automated technique using an automatic and connectable counter. Most commercial readers have a limit of sensitivity that is higher than the limit of 10 cells/ml used for the biological definition of meningitis and a test sample of several hundred microliters, which is incompatible with the very low volume of cerebrospinal fluid (CSF) received at the POC. New instruments using innovative optical technologies are currently being evaluated (21) .
Procalcitonin levels can be measured at the POC in order to assist medical decision-making regarding the prescription of antibiotics for respiratory tract infections (17, 22) . Likewise, POC identification of whole-blood lactate has been used as a predictor of mortality in patients diagnosed with severe sepsis (23) .
POC LABORATORIES AND SYNDROMIC APPROACHES
POC microbiology laboratories do not deliver a juxtaposition of POC tests but may adopt a syndromic approach in order to organize them and to speed up and optimize diagnosis. Most patients present with clinical signs and symptoms that are not pathognomonic of any particular infectious disease. However, clinical signs and symptoms are indicative of one particular diseased organ, potentially infected by one or several pathogens, or one particular circumstance that exposes the patient to one or more pathogens. It is therefore of medical interest to simultaneously test the multiple pathogens that may cause signs and symptoms in the patient at the POC. We named this approach "syndromic POC," taking the form of syndromic POC kits incorporating several POC tests. The emergence of moderately complex multiplexed tests facilitates the syndromic approach.
Conventional clinical specimen sampling is a disease-based approach aimed at successively testing the pathogens that the doctor believes are potentially responsible for the infection, until a diagnosis is made. Because of the tremendous number of emerging pathogens, however, it is difficult for physicians to memorize the actual list of pathogens and the corresponding list of appropriate clinical samples. In contrast to this approach, clinical sampling can be standardized by syndrome in order to speed up the laboratory process and make it more efficient. Syndrome-based kits are contained in an appropriate format such as a plastic bag and contain prelabeled sampling tubes and containers along with summarized sampling instructions for doctors and nurses, prelabeled laboratory forms, and informed written consent to be signed by the patient, if required by local regulations (Fig. 1) . The advantages of sampling kits over the usual disease-based sampling include the limited and nonrepetitive number of specimens collected from the patient, a simplified laboratory test prescription for the physician, a plannable workflow for the nurse and the doctor, and easily traceable samples for the laboratory. In the laboratory, clinical samples are tagged according to the particular sampling kit used to retrieve them, allowing specific laboratory protocols to be adopted. Syndromic kits are used to test most of the pathogens known to be responsible for one particular syndrome, such as endocarditis, pericarditis, diarrhea, osteitis, meningitis, encephalitis, uveitis, keratitis, or infections in one particular epidemiological group of individuals, such as febrile patients presenting to the emergency room, with a worsening of chronic respiratory tract infection in cystic fibrosis patients, fever in travelers, fever in pilgrims to Mecca, and fever in homeless patients and neonates, for whom a specific menu of pathogens has to be drawn up (Table 1) . A syndrome-based kit is designed after reviewing the available literature regarding both the repertoire of pathogens responsible for the syndrome and the optimal methods of achieving direct and indirect diagnoses of infection by each one of these pathogens. Syndromic kits allow laboratories to constitute large clinical series and to preserve large collections of specimens in dedicated biological resource centers for retrospective testing using emerging pathogens.
POC laboratory procedures have to specify supplementary tests to be performed in the core laboratory. These may include, for example, additional core laboratory NAATs to confirm negative results yielded by a lower-sensitivity POC ICT. Genotyping may also be conducted as a second-line test, the result of which will be incorporated into the laboratory epidemiology database. In any case, POC laboratory menus and procedures have to be conducted in agreement with the medical director of the core laboratory.
Syndromic Kit Menus
The menu of any given POC syndromic kit mixes deadly pathogens with 80% of the most frequent pathogens and highly contagious pathogens (Table 1) . Such a mix aims to help doctors answer the following three basic questions concerning a patient potentially suffering from an infectious disease. (i) Is it a rapid, deadly infection requiring particular medical support, including hospitalization in an appropriate department? (ii) Is it a contagious infection requiring patient isolation under an appropriate isolation protocol? (iii) Is it an infection requiring any specific antiinfectious treatment?
Establishing the menu of any POC syndromic kit therefore relies on the prior establishment of the repertoire of pathogens responsible for syndromes in that particular geographic area (24) . It must be emphasized, however, that interpretation must incorporate the study of control populations, which has not always been done (25) . One corollary is that the menu of any POC syndromic kit must be reevaluated in a given geographic region, based on emerging pathogens. This is illustrated by the 2014-2015 Ebola virus epidemics in West African countries, which clearly led to the incorporation of appropriate POC tests in the fever POC syndromic kit (26) . This also means that the menu of any POC syndromic kit may vary slightly from one geographic area to another, to take into account the most prevalent pathogens in that region. The repertoire can be established through the direct detection of pathogens circulating in one geographic area. As an example, we first had to establish the etiological agents responsible for fever in Senegal and Gabon, discovering that Rickettsia felis and Borrelia crocidurae were previously unrated frequent causes of fever (27) , before establishing a tropical fever POC syndromic kit in the Dielmo POC in rural Senegal (4) . Indirect diagnosis by serology can also be used to trace pathogens, and multiplexed formats facilitate such epidemiological surveys (28) .
Tropical Fever
Fever is a nonspecific yet frequent sign in natives, expatriates, and travelers exposed to tropical regions (29) , indicating an infection due to a ubiquitous pathogen or a pathogen specifically found in tropical countries. Fever can be the initial sign of, among other specific pathogens, deadly malaria and deadly Ebola virus infection and may signal other disabling infections that can be cured by specific anti-infectious treatments. Therefore, it is medically important to conduct rapid POC tests for some pathogens in patients exposed to tropical countries. Malaria continues to be a leading cause of fever in countries where the disease is endemic (30) . The WHO now recommends that parasite-based diagnosis should be used in all cases of suspected malaria before treatment of patients (31) . Rapid diagnostic POC tests include the BinaxNOW malaria test (Alere, Orlando, FL, USA), which is able to detect the four Plasmodium species infecting patients and is the only such FDAapproved test; the Parascreen Pan/Pf test (Zephyr Biomedical, Goa, India) and the OptiMAL test (Diamed AG, Cressier, Switzerland), which identify both Plasmodium falciparum and Plasmodium vivax; and the Paracheck Pf test (Orchid Biomedical Systems, Goa, India), which identifies only P. falciparum (31) . Dengue virus can be tested by using a rapid diagnostic test (RDT), which detects either IgM and IgG antibodies or IgM antibodies and the NS1 protein (32) . As with IgM detection, the sensitivity is 30 to 96% and the specificity is 86 to 92%, while for NS1 detection, the sensitivity is 38 to 71% and the specificity is 76 to 80% (32) . Detection of the NS1 protein is particularly well suited to POC testing because of its higher sensitivity during the acute phase of infection and 92 to 99% reproducibility (32) . Recurrent fevers due to various cross-reacting Borrelia species, typhus group and spotted fever group rickettsiae, and Bartonella spp. (more particularly Rickettsia felis and Rickettsia africae) are frequent causes of tropical fever. They can be detected by appropriate reported but noncommercialized RT-PCR assays (4, (33) (34) (35) . A nanogold particle lateral flow assay was recently reported for POC diagnosis of dengue virus, yellow fever virus, and Ebola virus infections (23) . These infections can also be diagnosed at the POC by using a commercially available RT-PCR assay (36) and a recently evaluated immunoassay detecting the Ebola virus VP40 antigenic protein (37) .
Community-Acquired Respiratory Tract Infection
Community-acquired respiratory tract infections hold a major place in infectious pathology and, in the case of pneumonia, were responsible for 2.7 million deaths in 2013 (38) . They are caused mainly by bacteria, viruses, and coinfections by influenza virus and, for example, Streptococcus pneumoniae and Staphylococcus aureus (39) . These elements illustrate the importance of rapid diagnosis of S. pneumoniae pneumonia and Legionella pneumophila infection, which is performed by the ICT in 15 min with a specificity of 99% but a sensitivity of 74% for L. pneumophila (40) and a positive predictive value of 0.88 to 0.96 for S. pneumoniae (41) . The detection of influenza virus in 30 min also has low sensitivity (Ͻ60%) but a specificity of almost 100% and a high positive predictive value (Ͼ98%) during the influenza season (42) . ICTs are able to diagnose influenza virus and RSV infections. Recently, the sensitivity and specificity of real-time PCR (Xpert Flu/RSV XC; Cepheid) for the rapid diagnosis of the combination of influenza virus and RSV infections were measured at 97.8% and 100% for influenza virus, respectively, and at 97.9% and 100% for RSV, respectively (43, 44) .
With 9 million estimated new cases and 1.5 million deaths in 2013 (45) , tuberculosis (TB) currently remains one of the deadliest threats to public health. Its diagnosis in POC laboratories relies on real-time PCR, including the commercialized Xpert MTB/RIF assay (Cepheid, Sunnyvale, CA, USA), which provides accurate results within 2 h for detection of pulmonary TB disease. Xpert MTB/RIF can also identify resistance to rifampin, a critical firstline drug for treatment of the disease and a reliable surrogate marker of multidrug-resistant TB (MDR-TB) strains. Since 2010, the WHO has recommended the use of Xpert rather than smear microscopy for diagnosis of patients suspected of having TB (46) . Finally, there is some interest in the semiquantitative measurement of procalcitonin levels of Ͼ0.5 mg/ml of blood in 1 h, to guide the prescription of antibiotics, including the diagnosis of bacterial coinfection with influenza virus (47) .
Diagnosis of community-acquired pneumonia at the POC involves RT-PCR tests integrating nucleic acid extraction and amplification in a single cassette and in a multiplexed manner. The Respiratory Film Array Panel system (BioFire; bioMérieux) is FDA and EC approved and can detect 17 viruses and 3 types of bacteria within 1 h. Several other multiplex RT-PCR assays are commercially available. Their comparative evaluation specificity is Ͼ94% but with a 56 to 91.7% sensitivity, which is lower for bacteria (48) . In addition to community-acquired pneumonia, the diagnosis of ventilator-associated pneumonia may also be conducted in a POC laboratory, including the rapid diagnosis of S. aureus pneumonia (49) .
Digestive Tract Infection
Diarrhea is a leading cause of death worldwide (38) and a frequent reason for consulting a doctor. Coinfections are common (38, 50) . Prognosis varies between a self-limited infection and fatal infection in the case of Clostridium difficile O27 enteritis (51) . Several ICT techniques have been developed for the POC diagnosis of diarrhea, including the rapid (Ͻ30 min) agglutination-based detection of rotavirus and adenovirus as well as the detection of C. difficile toxins. The rapid detection of C. difficile toxins A and B should be routinely performed for both outpatients and hospitalized patients by using one of the commercially available ICTs, with a specificity of Ͼ99.5% and an average sensitivity of 90% (52) . Alternatively, C. difficile, its toxin B, and an additional binary toxin can be detected within 90 min by using commercially available RT-PCR assays such as GeneXpert, with 98% agreement with reference testing in the core laboratory and higher sensitivity than ICTs (53, 54) . The recent implementation of fecal transplant treatment has changed the prognosis of this infection, making early diagnosis even more important (51) . A commercially available Campylobacter antigen detection kit has been favorably evaluated (55) . A dipstick test for the rapid detection of Shigella is under evaluation (56, 57) . Currently, several RT-PCR tests allow multiplexed detection of bacteria, including C. difficile and E. coli pathovars; parasites; and viruses, including norovirus 5, within 1 h (Table 1). Evaluation shows a sensitivity of Ͼ90% for the majority of pathogens and, interestingly, coinfection in 13 to 21% of samples tested, depending on the panels (50).
Genital Tract Infection
Genital tract infections are caused by pathogens transmitted during sexual intercourse. In infected women, they are one cause of infertility, and pathogens may infect other organs and systems. Because of the high contagiousness of these pathogens, rapid diagnosis is clearly important in terms of both treatment and prevention (58) . Neisseria gonorrhoeae, Chlamydia trachomatis, and herpes simplex virus can all be detected by lateral flow assays in a POC laboratory and by RT-PCR assays, which have higher sensitivity. Maternal syphilis due to Treponema pallidum contributes to perinatal morbidity and mortality worldwide. If untreated, it may lead to complications and fetal infections. POC prenatal syphilis screening was developed to address the limitations of conventional rapid plasma reagin (RPR) tests, followed by a confirmatory Treponema pallidum hemagglutination assay (TPHA), which requires at least two visits, is usable only on serum, requires refrigeration, and is not easy to perform in facilities with personnel with low-level qualifications/technical skills. These new POCTs include immunochromatographic strip (ICS) and dual-POC tests to detect both treponemal and nontreponemal antibodies. While POC diagnosis of sexually transmitted infections (STIs) has been favorably evaluated (59, 60) , the impact of POC syphilis diagnosis has not yet been evaluated (61) .
C. trachomatis infection is the most frequent sexually transmitted infection in the world. Untreated infection can result in pelvic inflammatory disease (PID), infertility, and ectopic pregnancy in women and epididymitis and orchitis in men (62) . C. trachomatis alone can be detected by using the ICT and NAAT in dual and multiplex RT-PCR assays.
In addition to being an STI, vaginosis has been associated with preterm birth (63) . It can be diagnosed at the POC by using ion motility spectrometry (64) and the more widespread ICT and NAAT (63) . These assays target mainly two bacteria, Atopobium vaginae and Gardnerella vaginalis.
Meningitis
Meningitis involves a broad spectrum of causative agents and related prognoses and medical management, highlighting the value of rapid POC diagnosis (11) . Performing CSF cytology remains problematic, as microscopic observation and cell counting are operator-dependent techniques, and very few cell counters offer a 10-cell/mm 3 resolution and a 10-l assay mixture volume. We have nevertheless used such a cell counter, which performs well in terms of counting white cells but does not count red cells. Lens-free devices are under evaluation (65) . In terms of the direct detection of pathogens, we created a POC meningitis menu that was systematically aimed at testing for enterovirus (NAAT), Streptococcus pneumoniae (NAAT), Neisseria meningitidis (NAAT), and herpesviruses, including herpes simplex and varicella-zoster viruses (NAAT), in cerebrospinal fluid collected from symptomatic patients clinically suspected of having meningitis (66) . As for HIV-infected patients, an LFA detecting Cryptococcus neoformans polysaccharide capsule glucuronoxylomannan antigen performed adequately on CSF (67), plasma, serum, and urine samples (68) , but tests on saliva were disappointing and should not be recommended (69) . A few commercially available multiplexed NAATs currently under development would detect six bacteria, eight viruses, and two Cryptococcus species within 1 h.
Pharyngitis
Streptococcus pyogenes is one of the pathogens to be detected in the case of clinical pharyngitis (70) . Specimens consist of a pharyngeal swab. The detection of S. pyogenes is most commonly achieved by using lateral flow assays, with sensitivity reported to be 86.1% and specificity reported to be 97.1% (70) . The rapid POC measurement of C-reactive protein is not justified in assisting with medical decisions for adults, as levels have been measured within normal ranges in documented cases of S. pyogenes pharyngitis (71) .
POC LABORATORY IMPLEMENTATION
Location and Space
A decision may be made to set up a POC laboratory when the time of transport of clinical specimens to the core laboratory takes more than 1 h, the optimal time scale for POC tests in order to obtain a result within 2 h. In our experience, a POC laboratory can serve a minimum population of 500 to 1,000 people, corresponding to the population of patients in an emergency unit (66) or remote village (4) or a small population on board a ship (5) (Fig.  2) . The POC could therefore be installed close to the emergency room of a large hospital in order to supplement the work of the core laboratory, by reducing the time of delivery of clinical specimens and filling a gap in the event of the core laboratory, the community-based pharmacy (72, 73) , or any health care facility closing at night. In our experience, a POC laboratory can be installed in a 5-to 10-m 2 air-conditioned room with the temperature regulated at 20°C Ϯ 2°C and a power source (4, 5) . An alternative is a mobile POC that can be quickly deployed in a civilian advanced nursing station at mass rallies, in areas of military conflict, or even onboard ships (5) . The POC should accommodate one person in comfortable working conditions, including air-conditioning and sufficient natural daylight and artificial night light. POC laboratories must have room to store instruments, equipment, and some reagents at room temperature as well as room to store reagents at 4°C. POC laboratories must also accommodate potentially infectious waste. Complete computerization of POC management would restrict non-potentially infectious waste to reagent wraps. POC laboratories are in permanent contact with a supporting core laboratory. One major difference between a POC laboratory and self-diagnostic tests performed by patients is that self-diagnostic tests may guarantee quality-controlled design, manufacture, and performance but cannot guarantee the quality of implementation.
Instruments
The POC must contain a hood for handling class 2 clinical samples, storage at room temperature (controlled at 20°C Ϯ 2°C), a refrigerator for storage at 4°C Ϯ 1°C, a computer connected to the core laboratory, an automatic cell counter for the diagnosis of meningitis, a reader for immunochromatographic tests (optional), a nucleic acid extractor, and a thermocycler, with the latter two instruments optionally being combined into one, such as in the GeneXpert, BioFire, and Cobas Liat system formats (4, 5, 66) . Other advantages of the Xpert system include the ability to use each machine module independently, allowing several samples to be screened simultaneously (74) . In addition, the instrument is robust, portable, and easy to use and requires only minimal maintenance (75) . Correct operation, however, requires a room temperature of between 15°C and 30°C, a constant power supply, and regular module maintenance and calibration. The LAMP technique has emerged due to the fact that the instrument uses little power and can even run on batteries if necessary (76, 77) . Reagents can be delivered via the core laboratory, but reagent destocking and control are self-managed. Reagents must be stored at the appropriate temperature, and storage in a refrigerator at 4°C is possible. PCR mixes can be packaged and delivered in a lyophilized form, guaranteeing their stability and intrinsic qualities, as recently shown for the molecular diagnosis of Buruli ulcer (78) .
Training
POC laboratories are operated by dedicated staff who have completed specific training. They do not need to be health care pro-fessionals, as has been shown in an onboard POC laboratory (5). Training and regular evaluation of personnel are very important (79) . It has been shown that the sensitivity of the ICT for the detection of S. pyogenes in the throat was significantly higher when the test was carried out by a laboratory technician or, for nontechnical staff, following training, leading to a 34% increase in test sensitivity (80) . We have established a training course split into two 4-h sessions, enabling anyone with or without a medical or biological background to manage a POC laboratory, from the collection of samples to reporting of the results (5). Training is fully recorded in the POC tablet and may be viewed at any time by the staff. Training comes in the form of a questionnaire comprising 20 simple questions with 3 possible answers ("right," "wrong," or "I do not know"). Each correct answer is worth 1 point, each incorrect answer deducts 1 point, and the "I do not know" answer is equal to 0 points. Competency assessment also includes observation of training by a qualified POC laboratory staff member. The staff and the POC laboratory itself are quality controlled and remain in permanent contact with a core laboratory and biologists.
Operation
The POC laboratory should operate 24 h a day and 7 days a week and be certified for one POC. A trained and certified operator is in charge of supervising specimen collection, testing, reporting of test results, and general maintenance of the POC, including quality assurance controls. Due to variable regulations in different countries, clinical specimens may be obtained by self-sampling. Self-sampling removes any responsibility for non-health care personnel and respects patients' privacy. Self-sampling has been reported to be effective for screening for STIs (81-83). Self-sampled specimens include blood obtained from a single finger prick, urine collected in a sterile container, and a pharyngeal swab. The operator must then choose the syndromic kit according to the instructions on the device and submit the results of the self-sampled report and interpretation to any competent medical doctor. Matching color-coded syndromic kits with color-coded reagents facilitate and secure the process. The operator is also responsible for the general maintenance of the POC, in particular to avoid shortages. Finally, the operator must conduct regular control assays of the quality assurance process.
Quality Control
In the United States, several POC tests are governed by the Clinical Laboratory Improvement Amendments (CLIA) text issued in 2009 (84) . In general, a POC laboratory has to be operated under the supervision of a core laboratory. Unlike doctor tests, the POC has the advantage of being quality controlled in terms of the room, tools, reagents, personnel, and protocols. In Europe, COFRAC (the French quality control commission) recently approved two POC laboratories established in Marseille and operated by our core laboratory. Quality control covers certain critical elements, including refrigerator temperature, which should be maintained at 4°C Ϯ 1°C, and room temperature, which must be kept at 20°C Ϯ 2°C. Quality control also covers the presence of positive and negative internal controls in each test. Particularly in the case of self-sampling, testing must include a sample quality indicator. This may be a human gene detected by RT-PCR, for example, for cervical sampling (81) . Finally, it includes regular external controls. Quality assurance includes maintenance of instruments as recommended by the supplier and traceability. Staff must update their certification on an annual basis. Finally, protocols should be reviewed by all operators. We and others are now implementing an external quality assurance program for these POC laboratories (85) .
POC IN MICROBIOLOGY DESERTS
Reorganization of Clinical Microbiology
Microbiological POC is suitable whenever a population of Ͼ500 to 1,000 people is located more than an hour from the core laboratory. This situation is very common in developed countries, where core laboratories are centralized around technical platforms, thus creating medical deserts. In countries with low and intermediate levels of development, the laboratory network can be underdeveloped. In these countries, barriers to the implementation of POC laboratories in countries with weak and intermediate economies have been identified (86) . Accordingly, we established a POC in Dakar, Senegal, as a backup POC for the one in the rural village of Dielmo (4) (Fig. 3) .
In particular, the concentration of microbiological platforms in core laboratories limits the population's access to these facilities. In Marseille, we set up a POC in the emergency unit of a hospital serving 400,000 people situated within a 30-to 60-min drive of our core laboratory (66) .
Ships
Ships, submarines, and off-shore platforms require access to tests for rapid diagnosis of infectious diseases. However, diagnostic uncertainty can lead to inappropriate, expensive deviations or inappropriate medical decisions, putting ship personnel and passengers at risk of contagion and delayed treatment. We therefore tested a POC laboratory onboard a cruise ship and a freight ship, with favorable results. Following a 4-h training course for nonmedical (freight ship) and medical (cruise ship) personnel, we observed that the POC laboratory enabled diagnosis to be reached exactly as in a conventional POC laboratory (5).
POC DEVELOPMENT Cohorts
The syndrome-based approach in POC laboratories contributes to measuring the epidemiology of infectious diseases, abnormal events in real time, and the cost of diagnostic tests. We conduct weekly reviews of all POC data, including the total number of requests, the number of applications by syndrome, and the number of diagnoses by pathogen, taking into account the means Ϯ 2 standard deviations over the previous 12 months to identify any abnormal events. This is easily achieved by using the EPIMIC program and a simple Excel database (87) . It was shown that the installation of a rural POC in Africa helped to establish the epidemiology of infectious diseases in Africa (88).
Epidemiology and Infection Control
Computerized POC data can ensure real-time, local epidemiology, which in turn can be used to assist medical decision-making. As such, POC laboratories contribute to public health microbiology, assisting with the rapid detection of pathogens, including the threat of bioterrorism, and providing an appropriate response. It has been shown that the availability of real-time incidence data for S. pyogenes pharyngitis was effective in the accuracy of its clinical diagnosis (89) . Likewise, the impact of some POC tests on the appropriate use of antibiotics in cases of urinary tract infections has also been favorably evaluated (90) . The impact of POC tests on infection control was recently reviewed (79) . In terms of infection control, one of the impacts of POC testing is to prevent the hospitalization of patients presenting at the emergency room with a contagious and benign infection such as enterovirus meningitis (91) . A second impact is placing patients with the same epidemic and contagious infection into the same cohort; this is illustrated by the cohorting of respiratory syncytial virus-infected children in pediatric emergency rooms (79) .
COST-EFFECTIVENESS
While several POC tests have been evaluated, we focused on four diseases and syndromes. Using WHO guidelines (92), we considered that an intervention was considered to be very cost-effective if its ICER was below the annual gross domestic product (GDP) per capita of the study country and was cost-effective if its ICER was less than three times the country's annual GDP per capita (92) ( Table 2) .
Tuberculosis
In 2011, a cost-effectiveness analysis using a decision analytic model simulating costs and health gains for a cohort of 10,000 individuals suspected of having TB in India, South Africa, and Uganda compared three different diagnostic strategies: (i) smear microscopy alone, defined as two sputum microscopy examinations followed by clinical diagnosis for smear-negative individuals with suspected TB (base case); (ii) use of the Xpert system after two smear-negative examinations ("in addition to"); and (iii) use of Xpert instead of smear microscopy with one single sputum specimen tested ("as replacement for") (93) . ICERs computed for the use of Xpert in addition to smear microscopy compared with the base case were US$55, US$110, and US$41 per disability-adjusted life year (DALY) averted in India, South Africa, and Uganda, respectively. When using Xpert as a replacement for smear microscopy, compared with the base case, ICERs were US$68, US$138, and US$52 per DALY in each of the study countries, respectively. Finally, the ICERs for the use of Xpert as a replacement for smear microscopy compared with the use of Xpert in addition to smear microscopy were US$343 (India), US$582 (South Africa), and US$650 (Uganda) per DALY. These results suggest that both strategies incorporating Xpert were costeffective in the study countries, except for the replacement of smear microscopy with Xpert in Uganda. Sensitivity analyses based on Monte Carlo simulations confirmed the results.
Another study compared Xpert and smear microscopy in Botswana, Lesotho, Namibia, South Africa, and Swaziland, where TB and HIV prevalences are high (94) . The cost-effectiveness analysis was based on a dynamic mathematical model taking into account transmission-related effects over a long-term, 10-to 20-year time scale. Assuming a cost of US$30 per test over a 10-year time period, ICERs were US$1,257, US$1,011, US$878, US$958, and US$792 per DALY averted in each country, respectively. Over 20 years, ICERs dropped to US$1,060, US$536, US$663, US$779, and US$743 per DALY averted, respectively. The model took into account the diagnosis, treatment, and transmission of TB as well as interactions with HIV infection and HIV treatments, which could explain the higher ICERs than those found in the previous study. In almost all cases, ICERs were found to be below the standard benchmarks for cost-effectiveness recommended by the WHO, suggesting that Xpert is a cost-effective strategy within the context of these southern African countries. Conclusions were robust in sensitivity analyses.
The cost-effectiveness of eight different algorithms involving Xpert, light-emitting diode (LED) fluorescence microscopy, and smear microscopy for adult tuberculosis cases in Tanzania was ACT, artemisinin-based combination therapy; CE, cost-effective; DALYs, disability-adjusted life years; ICER, incremental cost-effectiveness ratio; ICS, immunochromatographic strip; LED, light-emitting diode; MMR, mass miniature radiography; MTD, Mycobacterium tuberculosis Direct; NAAT, nucleic acid amplification test; PID, pelvic inflammatory disease; POC, point of care; QALYs, quality-adjusted life years; RDT, rapid diagnostic test; RPR, rapid plasma reagin; S0, reference strategy; S1 to S7, strategies 1 to 7, respectively; TPHA, Treponema pallidum hemagglutination assay; TPPA, Treponema pallidum agglutination assay; WTP, willingness-to-pay ratio (that is, the maximum cost-effectiveness ratio that decision-makers are willing to pay to obtain an additional unit of effectiveness).
b
Values in italics are the minimal and maximal ICERs obtained in the study country.
c
The reference is the comparator (generally the standard strategy recommended in guidelines or the strategy used routinely), the strategy to which the new strategies are compared.
studied by using an integrated model incorporated into and linked with a detailed operational component with a transmission component (95) . The authors of that study computed the ICER per DALY from the Tanzanian health system perspective by comparing one option with the next least effective option. Options for the targeted use of Xpert were dominated by strategies based on LED fluorescence microscopy and the Xpert full rollout, which produced DALY gains at a higher incremental cost. Three strategies were identified as cost-effective: the Xpert full rollout, with an ICER of US$169 per DALY averted, followed by two LED fluorescence microscopy-based strategies (the first using two sputum samples collected on the same day, with an ICER of US$45, and the second using two sputum samples collected on different days, with an ICER of US$29). The main results did not change in sensitivity analyses. Those authors conclude that the government should consider full Xpert scale-up if the health-related budget in Tanzania can afford a health intervention, with a cost-effectiveness ratio of US$599 per DALY. Winetsky et al. developed a dynamic transmission model to evaluate the relative effectiveness and cost-effectiveness of alternative strategies for active TB screening in prisons in the former Soviet Union, where a significant proportion of TB cases are MDR-TB cases (96) . Those authors assessed eight strategies involving, either alone or in combination, self-referral, symptom screening, mass miniature radiography (MMR), and sputum PCR with probes for rifampin resistance (Xpert MTB/RIF). Sputum PCR was used either as a standalone screening test for active pulmonary TB or in combination with other case-finding strategies as a preliminary test for multidrug resistance among those cases found to have evidence of active TB upon screening. Results showed that the addition of sputum PCR to the currently used strategy of annual MMR screening was cost-saving over 10 years compared to MMR screening alone but produced only a modest reduction in MDR-TB prevalence (from 0.74% to 0.69%) and had a minimal effect on the overall TB prevalence (from 2.78% to 2.74%). However, the most effective strategy for reducing overall TB prevalence (from 2.78% to 2.31%) and MDR-TB prevalence (from 0.74% to 0.63%) involved the use of sputum PCR as an annual primary screening tool. This strategy was also the most cost-effective, with an ICER of US$543 per quality-adjusted life year (QALY), compared to the previous next least costly and nondominated strategy (MMR with sputum PCR reserved for rapid detection). Probabilistic sensitivity analysis showed that sputum PCR was cost-effective in Ͼ95% of simulations. Those authors concluded that sputum PCR for case finding and rapid MDR-TB detection was the best strategy for interrupting the cycle of transmission in prisons where TB is prevalent and MDR-TB strains are concentrated.
Choi et al. evaluated the cost-effectiveness of incorporating Xpert into TB diagnostic algorithms compared to current approaches in the United States, where TB prevalence is low (97) . The analysis was conducted from a health system perspective using a decision tree model. It compared five strategies with and without the incorporation of molecular testing: (i) smear microscopy alone, (ii) smear microscopy plus an Amplified MTD (Mycobacterium tuberculosis Direct) 5gENpROBE test if the smear was positive, (iii) smear microscopy plus MTD testing regardless of smear microscopy results, (iv) smear microscopy plus Xpert if the smear was positive ("selective Xpert"), and (v) smear microscopy plus Xpert regardless of smear microscopy results ("intensive Xpert"). ICERs were computed over patients' life expectancies as the cost per QALY gained. The first strategy using smear microscopy alone was dominated by all others strategies. In addition, replacement of MTD with Xpert, using either a selective or an intensive strategy, was found to be cost-effective compared to existing molecular assays. Those authors concluded that, despite the availability of mycobacterial cultures, the addition of Xpert for TB diagnosis would be beneficial and cost-effective compared to current approaches in the low-prevalence setting of the United States. Conclusions were robust in probabilistic sensitivity analyses.
Finally, in a recent review of mathematical modeling to evaluate the cost-effectiveness and epidemiological impact of novel diagnostic strategies for active TB (98), the authors highlighted the fact that no study had reported taking a societal perspective. Those authors stated the need for increased efforts to include patientlevel costs of TB diagnosis as well as indirect costs that can have a significant impact on cost-effectiveness results.
Available cost-effectiveness studies show that the use of algorithms involving Xpert to diagnose TB infection is a beneficial and cost-effective strategy in resource-limited settings where TB and HIV prevalences are high. In these settings, such a strategy can potentially reduce TB incidence and mortality over the long term, and thus, health benefits overtake additional costs associated with testing, MDR-TB treatment, and HIV care (94) . However, although strategies relying on Xpert are cost-effective, it should be noted that they are not necessarily sustainable, as their implementation at the health system level implies an increase in the health budget, which may not always be possible in highly resource-constrained setting. Evidence of the cost-effectiveness of Xpert is also more limited in northern countries where TB prevalence is low. Indeed, critical parameters identified in sensitivity analyses as impacting cost-effectiveness results are related to TB prevalence (as greater health benefits are obtained in countries with high TB prevalence) and the cost of diagnosis and treatment. Only two studies have taken the effects of TB transmission into account (94, 95) , but all these studies take into account the uncertainty of parameters and assumptions made by the model structure, using multiway probabilistic sensitivity analysis. Despite some limitations, the studies were, overall, robust in sensitivity analyses.
Malaria
In Ethiopia, a study that enrolled 2,422 patients suspected of having malaria compared a presumptive treatment strategy with two strategies based on rapid diagnostic tests (RDTs) followed by treatment of identified malaria cases: the first using the Parascreen Pan/Pf test and the second using the Paracheck Pf test (99) . The authors of that study estimated the number of correctly treated cases (CTCs) and computed incremental cost-effectiveness ratios per CTC. The presumptive treatment strategy dominated, as it was more expensive and less effective than the two RDT strategies. The Parascreen-based strategy was more effective and costlier than the Paracheck-based strategy, with an ICER of US$0.59 per CTC. Given the very low ICER of Parascreen compared to that of the Paracheck-based strategy, those authors concluded that the Parascreen test (100-103) should not been recommended for assessing strategies involving RDTs for malaria diagnosis in the settings of Uganda, Ghana, Zambia, and Brazil. These studies compared the three following strategies: presumptive treatment, field standard microscopy, and RDTs. All studies defined "effectiveness" as the number of cases correctly diagnosed and treated, with the exception of the last one, which considered only the number of cases correctly diagnosed (and thus did not consider treatment costs in the analysis). The first two studies found that microscopy was dominated by the RDT and that the RDT was very costeffective (ICERs of "RDT" versus "presumptive" treatment were US$5.00 per case correctly diagnosed and treated in the first study and US$2.60 in the second) (100, 102) . The third study, by Ansah et al., however, suggested that there was no advantage to replacing microscopy with the RDT, as the costs and health benefits of the two strategies were similar, but when the studies were compared in a setting without microscopy (i.e., relying on the presumptive strategy), the RDT was associated with a significantly increased proportion of patients being correctly treated and an ICER of US$8.30. In the last study, conducted in remote areas of Brazil, those authors compared only microscopy with the RDT and found that microscopy was costlier and more effective, with an incremental cost estimated at US$549.90 per adequately diagnosed case (103) when high sensitivity (92 to 95%) and specificity (100%) were maintained. Sensitivity analysis, however, highlighted that when the accuracy of microscopy was lower (i.e., sensitivity of 90 to 98% and specificity of 83%), the RDT was more cost-effective than microscopy. These results indicate that very high levels of microscopy accuracy are needed for microscopy to be more cost-effective than the RDT.
Moreover, a review of cost-effectiveness studies conducted between 2006 and 2010 to assess new malaria RDTs in the setting of sub-Saharan countries was reported (104) . In this paper, we briefly report the main results of the studies included in that review. Using a decision tree model and probabilistic sensitivity analysis, Shillcutt et al. showed that RDTs have the potential to be cost-effective compared to both presumptive treatment and microscopy in most countries in sub-Saharan Africa (105). Uzochukwu et al. found similar results: they showed in Nigeria that microscopy was an inferior strategy and that RDTs were costeffective compared to presumptive treatment, with an ICER of US$221 per death averted (106) . Msellem et al. demonstrated that the RDT led to a 2-fold reduction in antimalarial drug prescription, but overall costs were similar in the POC and clinical diagnosis groups (107) . Finally, the impact of malaria prevalence on the effectiveness and cost-effectiveness of RDT was assessed by Zurovac et al., who highlighted that RDTs led to a notable reduction in treatment errors, with lower costs in areas with a high rate of malaria transmission (30% to 40%), while in areas with a low prevalence of malaria, they yielded only minor reductions in overprescription, with higher costs (108) .
Available studies suggest that RDTs are very cost-effective in comparison with the presumptive strategy, as they reduce costs related to ineffectual treatments due to the very poor specificity of presumptive treatment (100) (101) (102) (103) 105) . In settings where microscopy is available, the cost-effectiveness of POC testing depends on microscopy accuracy, which varies depending on the setting. In sub-Saharan Africa, where microscopy accuracy was low, Batwala et al. and Chanda et al. (100, 101) demonstrated that the RDT was cost-effective compared to microscopy, in contrast to a setting such as Brazil, where microscopy was associated with high sensitivity and specificity (102) . Another key factor impacting the costeffectiveness results of RDTs is the prevalence of malaria, because in high-prevalence settings, the health benefits provided by POC testing are greater at a lower cost than in settings with a low prevalence (105, 106, 108) . This review showed that the cost-effectiveness results for RDTs were consistent across studies, suggesting that decision-makers should consider the use of RDTs, especially when malaria prevalence is high and microscopy accuracy is not low. Future studies are needed to assess the long-term benefits of RDTs in terms of the development of antimalarial resistance and improved antibiotic drug prescription.
Syphilis
The cost-effectiveness of different diagnostic strategies was estimated by studying 1,000 pregnant women in sub-Saharan Africa in 2008 (109) . Using a computer-based model simulating health outcomes and costs over the life expectancy of a cohort of 1,000 women, the authors of that study compared four strategies: no screening, RPR tests with results confirmed by TPHA tests (standard strategy), single-visit RPR tests, and single-visit rapid ICS tests. The ICS test was the most effective and least costly strategy: compared to no screening, it averted 178 cases of congenital syphilis, 43 cases of low birth weight, and 37 prenatal deaths and saved US$170,030 per 1,000 women over their lifetime. However, results were highly sensitive to test kit, labor, and supply costs. Sensitivity analyses showed that when the cost of the ICS test more than doubled or when the ICS test sensitivity fell to below 88%, the RPR test was preferred.
In 2011, Owusu-Edusei et al. compared the same four strategies as those used by Rydzak and Goldie in the setting of sub-Saharan Africa but included an additional screening strategy using dual-POC testing (110) . Costs and DALYs related to miscarriage, stillbirth, congenital syphilis, low birth weight, and neonatal death were estimated for each strategy over the life expectancy of a cohort of 1,000 pregnant women. Compared with no screening, the ICS test averted 326 DALYs per 1,000 women and 180 DALYs per 1,000 pregnancies. It also saved US$30,000, while the dual-POC strategy averted 299 and 162 DALYs (for 1,000 women and 1,000 pregnancies, respectively) at a cost savings of US$27,000. The ICS test was the preferred strategy, but sensitivity analysis showed that an increase in the RPR sensitivity from 60% to 98% implied that RPR testing would become more cost-effective than the dual-POC test.
Another cost-effectiveness analysis used a decision analytic model to assess the introduction of an ICS test followed by treatment compared to current practice (i.e., no screening and no treatment) in the setting of national antenatal care programs in 43 countries in sub-Saharan Africa (111) . The authors of that study estimated DALYs, costs, and costs per DALY averted over the life expectancy of a hypothetical cohort of 10,000 pregnant women. The ICERs of ICS testing compared to no screening ranged between US$2 (Liberia) and US$48 (Botswana), with a populationweighted average of US$11 per DALY averted. As all ICERs were lower than the GDP per capita, those authors concluded that the ICS test was very cost-effective in the setting of sub-Saharan Africa. Moreover, findings were robust to variations of inputs in one-way sensitivity analyses.
The POC cost-effectiveness results for syphilis diagnosis were consistent across studies: POCTs were very cost-effective compared to no screening in the setting of sub-Saharan Africa, as their use was associated with significant health benefits for both women and children as well as with significant savings due to the lower need for future treatment in this population. Compared with different screening alternatives, ICS tests were found to be the least costly and most effective strategy. However, this finding was dic-tated by ICS price along with RPR and ICS sensitivity. These results strongly support the use of POCTs in sub-Saharan Africa, where the prevalence of syphilis is high. Among the main limitations of those studies, it should be noted that none took into account transmission to partners, which would probably improve the cost-effectiveness of screening, and only one assessed the longterm benefits of incidence reduction (111) .
Chlamydia trachomatis
The cost-effectiveness of a vaginal swab POC test using the Chlamydia Rapid Test (CRT) versus a standard vaginal swab NAAT was measured by using a decision tree model (112) . Model parameters were based on primary data derived from a sample of 154 eligible women recruited in sexually transmitted disease (STD) clinics in Baltimore, MD, between April 2010 and February 2011, supplemented with reported data and unpublished results. In the base case analysis (POC sensitivity of 92.9%, 47.5% of patients willing to wait 40 min for results, and test cost of US$33.48), POC testing was more effective and less costly than NAAT (ICER of ϪUS$5,050 per case of PID averted). Threshold analysis also demonstrated that the POC strategy dominated the NAAT strategy when the POC test cost ϽUS$41.52 or when sensitivity was Ն87.1%. Probabilistic sensitivity analyses, however, showed that in nearly half the simulations, POC testing would save money but avert fewer PID cases. The authors of that study concluded that if future POCT improvements were able to reduce waiting time while maintaining sensitivity, the use of POC testing would prevent more PIDs and become more cost-effective. A further systematic review aimed at establishing the incremental cost-effectiveness of two POC tests based on antibody/antigen (Clearview Chlamydia test and CRT) compared with standard laboratory NAATs (113) . For a hypothetical cohort of 1,000 people, both POCTs were more expensive and less effective than the standard laboratory NAAT: routine PCR would result in 12.63 tested people being correctly treated and having their sexual partners contacted, at a cost of £7,070 (for the whole cohort), while for the CRT, 10.98 people would be tested at a cost of £7,180. For the Clearview Chlamydia test, 7.14 people would be tested at a cost of £7,170. These results were robust in terms of sensitivity analyses.
A recent study developed a decision analytic model simulating patient pathways to estimate the costs and benefits of implementing standard care pathways (off-site NAAT laboratory) and POC pathways, including a chlamydia/gonorrhea POC NAAT using the Cepheid Xpert CT/NG test (62) . The authors of that study modeled a cohort of 1.2 million index patients to simulate the annual number of STI screenings performed at genitourinary medicine clinics in England. Compared with standard laboratory tests, the POC NAAT enabled 46 additional QALYs to be obtained and saved ϳ£11.7 million. Even making pessimistic assumptions that the POC test will not prevent any overtreatment, complications, or transmissions, the POC pathway was superior. Same-day diagnosis and treatment could prevent Ͼ95,000 unnecessary treatments per year. Those authors concluded that replacing standard laboratory tests for chlamydia and gonorrhea with a POC NAAT could reduce costs, and patients would benefit from more accurate diagnosis and less unnecessary treatment.
All studies were conducted in European countries, and the first two studies assessed RDTs by screening the antigen, while Turner et al. studied a POCT based on PCR (62) . A study conducted by Hislop et al. presented a short-term horizon (Ͻ1 year) and thus failed to consider any long-term health impacts (113) . Turner et al. did not consider patient costs, effects due to the clinic demands for POC tests, or indirect PID complications such as epididymitis (62) . Studies based on antigen screening tests (110, 114) appeared to be less accurate than the PCR method, implying that POCTs were not a cost-effective strategy (109) . Those studies presented some uncertainty regarding estimates of variables and the incidence of PID in untreated women. They did not take into account indirect complications of PID or its transmission to partners, and the results were dependent upon POCT price and Chlamydia prevalence.
Conclusion
Despite different issues, POCTs appear to be cost-effective for the diagnosis of tuberculosis, malaria, and syphilis in comparison with current diagnostic strategies in both southern and northern countries, leading to cost savings in some situations. It is worth noting that very few cost-effectiveness studies were conducted in northern countries, and these studies mainly concerned infectious disease caused by Chlamydia. POCTs increased the number of correct diagnoses in resource-limited settings, provided rapid test results, and enabled physicians to make decisions regarding patient treatment, notably at the time of care. Their rapidity and ease of use influenced their deployment worldwide. Moreover, the use of POCTs allows exploration by syndrome. Cost-effectiveness depends on the sensitivity of diagnostic tests and their prices. Improvements of these parameters would make these tests even more cost-effective and would enable health interventions to promote the use of POCTs for improving patient care.
FUTURE DIRECTIONS
It is clear that a radical change has been made in diagnostic microbiology during the 21st century (1) . Indeed, it is now possible to reach a diagnosis at the time of care using the latest molecular techniques with lower production costs. The level of technology training for test performance is very low, and it is likely that technical training for persons with no biological background will be extremely fast and simple. Validation will soon be performed remotely over the Internet or via direct data transmission. In terms of a more speculative future, three-dimensional (3D) printer technology and remote fault diagnosis will repair some failures using a small stock of materials, including versatile components (115) . The development of microfluidic PCR will allow dozens of microorganisms to be rapidly tested at low cost (116) . Smartphoneoperated enzyme-linked immunosorbent assays (ELISAs) have already been reported (117) . The connection of all real-time data will enable epidemiological surveillance, the significance of which is difficult to imagine at this time. The key elements of the global development strategy of outsourced points of care will be based on a first-stage repertoire. Indeed, epidemiological situations lead to variations in pathogenic microorganisms depending on geographic location and time. Therefore, there will always be a need for highly equipped laboratories in order to identify the repertoire of microorganisms as well as their sensitivity to antimicrobial agents. However, it is likely that these sites will be limited in number and will provide regional poles of reference and infectious agent repertoire monitoring. At other sites, once the repertoire has been established and detection tools are in place, very simple molecular tools may be sufficient to allow medical staff to answer simple questions. Accordingly, the rapid detection of antimicro-bial resistance, currently limited to a few antibiotics, will be expanded to assist doctors in reaching treatment decisions (118) . Test organization will likely be a syndromic approach, validation will be performed remotely, and it is easy to imagine that this could be connected to the therapeutic management system.
The combination of a repertoire of geographic infections, the syndromic approach, and the versatility of microorganism testing and remote validation are the steps in this clinical microbiological revolution. Her research focuses on antibiotic prescriptions, medical behaviors, physician payments, and health systems. She was involved in studying the cost-effectiveness of the point-of-care strategy in clinical microbiology.
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